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Abstract
Vegetated coastal ecosystems provide goods and services to billions of people.
In the aftermath of a series of recent natural disasters, including the Indian
Ocean Tsunami, Hurricane Katrina and Cyclone Nargis, coastal vegetation has
been widely promoted for the purpose of reducing the impact of large storm
surges and tsunami. In this paper, we review the use of coastal vegetation as
a “bioshield” against these extreme events. Our objective is to alter bioshield
policy and reduce the long-term negative consequences for biodiversity and
human capital. We begin with an overview of the scientific literature, in par-
ticular focusing on studies published since the Indian Ocean Tsunami in 2004
and discuss the science of wave attenuation by vegetation. We then explore
case studies from the Indian subcontinent and evaluate the detrimental im-
pacts bioshield plantations can have upon native ecosystems, drawing a dis-
tinction between coastal restoration and the introduction of exotic species in
inappropriate locations. Finally, we place bioshield policies into a political con-
text, and outline a new direction for coastal vegetation policy and research.
Introduction
Vegetated coastal ecosystems provide goods and services
to billions of people. However, there has been consider-
able effort since the Indian Ocean Tsunami in 2004 to
promote the maintenance of coastal vegetation primar-
ily for the purpose of disaster management, a concept
first discussed in Fosberg & Chapman (1971). Driven by
policy-makers, donor agencies such as the Food and Agri-
culture Organization (FAO) and the United Nations En-
vironmental Programme (UNEP) have spent considerable
resources planting coastal vegetation to act as “bioshields”
to protect against natural disasters such as tsunami and
storm surges. Following convention, we use the term
“bioshield” to refer specifically to the use of vegetation
for protection from these extreme events. For a more de-
tailed review of the agencies that are building bioshields,
their funding sources and pathways, and the extent of
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land covered by bioshields, we refer the reader to a com-
panion review, Mukherjee et al. (2009).
The recent interest in bioshields fits within a longer
history of humans attempting to stabilize vulnerable or
eroding coastlines. Native vegetation within the first kilo-
meter of the coast is typically adapted to a dynamic envi-
ronment, including among other features: episodic condi-
tions of salt water inundation or salt spray, mass sediment
movement, and relatively rapid succession or spatial mi-
gration after disturbance. Along much of the world’s
coastlines, exotic species have been introduced for the
purposes of stabilizing the substrate and reducing this dy-
namism, including Casuarina equisetifolia L. in the Indian
Ocean and Caribbean Sea regions, Tamarix gallica L. in the
Gulf of Mexico, Acacia spp. in the Mediterranean Sea, Pi-
nus spp. in the Great Lakes of Canada, Rhizophora mangle
L., and Spartina alterniflora Loisel in Pacific Ocean region
mud flats, and Ammophila spp. on Pacific Ocean region
beaches and dunes, among a long list of others (Cronk
& Fuller 2001; Global Invasive Species Database 2009).
In each of these examples, short-term stabilization of the
substratum has been achieved at the expense of long-
term ecological sustainability. For a more detailed review
of law, policy, history, and ecology as it relates to the con-
flict between stabilization and sustainability, we refer the
reader to a companion review, Feagin et al. (2010).
Our objective in the present review is to inform and al-
ter policy—we are responsible for basing actions upon the
best scientific knowledge available. Our intent is not to
denigrate the difficult work that conservation and donor
agencies have put into conserving coastal ecosystems; in
fact, nearly all of the authors of this review have been in-
volved in projects where vegetation was either restored
or introduced for the stated purpose of reducing the im-
pact of natural disasters. Yet as this review notes, there
are distinct differences between the restoration or con-
servation of native habitats and the introduction of ex-
otic species into non-native habitats. While the scientific
literature on bioshields focuses on restoration and con-
servation, often this knowledge is used to defend and ac-
tivate policies that implement introduction. We hope that
this review ensures that policy-makers, donors, scientists,
managers, and the public are aware of the threats to both
biodiversity and human capital.
The call for coastal bioshields after
recent extreme events
Bioshields have been advocated as natural barriers fol-
lowing several recent coastal disasters. For example, after
the devastation of the Indian Ocean Tsunami of 26 De-
cember 2004, a January 2005 report claimed a strong
protective function of coastal vegetation (UNEP 2005).
This report was soon followed by articles in the scien-
tific literature that supported the bioshield concept with
observational and remotely sensed data (Danielsen et al.
2005; Kar & Kar 2005; Kathiresan & Rajendran 2005).
The result was a strong call for the donor community to
invest in planting bioshields throughout South-East Asia.
However, subsequent work suggested that the correla-
tion between area of coastal forest and tsunami damage
was spurious, using the same datasets (Kerr et al. 2006;
Bhalla 2007; Kerr & Baird 2007). This subsequent work
found that when factors of topography and distance from
shore where included in the regression equations, vege-
tation could explain only a slight reduction in damage.
In a follow-up study sponsored by the UNEP, vegetation
was found to have no effect on tsunami inundation at
52 sites from throughout the Indian Ocean (Chatenoux
& Peduzzi 2007).
In 2005, the concept of bioshields gained more support
after Hurricane Katrina hit the USA coast, with many
stories in the press and primary literature viewing it as
a policy-focusing event. In May 2008, a Category Four
cyclone, Cyclone Nargis, struck Myanmar (Burma) caus-
ing over 100,000 fatalities (Rodriguez et al. 2009). While
damage from the 200 km/hr winds and rain was exten-
sive, the 4 m storm surge inundated large areas of low-
lying country. Many authors suggested that the destruc-
tive power of the storm surge was exacerbated by recent
loss of mangrove forest in Myanmar (FAO 2008; IUCN
2008; Spencer 2008), although no primary evidence to
support these statements was presented.
The number of studies assessing the role of vegetation
in mitigating coastal natural disasters has grown rapidly
since 2004 (see Supporting Information material online
for a full list of Additional References), and typically fol-
lows one of several paths:
(1) Anecdotal evidence, which details the opinions
of those who witnessed the extreme event (e.g.,
Venkatachalam et al. 2009). Because these offer per-
sonal accounts, they are not falsifiable, nor testable in
a scientific sense. Nonetheless, these observations are
important as the basis of forming specific hypothesis
to be tested in a formal framework.
(2) Post-hoc observational studies, which use question-
naires distributed to residents of areas affected by
extreme events (e.g., Chang et al. 2006) or ground-
based surveys of apparent damage (e.g., Granek &
Ruttenberg 2007; Tanaka et al. 2007). These stud-
ies must infer causation, as they are based only on
those accounts collected or features assessed after the
event. Still, they must also be integrated as elements
in a critical evaluation.
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(3) Remote sensing-based work, which uses imagery to
correlate damages with vegetative cover (e.g., Iver-
son & Prasad 2007; Das & Vincent 2009). Work in
this area is still limited by the physical factors that
conflate the vegetative effect (Baird & Kerr 2008) and
the lack of high-resolution elevation data sets in the
study areas.
(4) Modeling, which uses mathematical equations to cal-
culate friction and drag of vegetation in tsunami (e.g.,
Tanaka et al. 2008) or storm surges (Dean & Bender
2006) at field scale. These studies are theoretical
in approach. One can also conduct laboratory stud-
ies that operate at prototype scale (e.g., Irtem et al.
2009), but typically the field-scale water forces are
not scaleable down to the prototype scale for extreme
events (Lynett 2007) and this remains a challenge.
None of these paths follow the most rigorous test in sci-
ence, the construction of properly controlled, experimen-
tal investigation of the actual phenomena in the field.
Though previous research has been valuable, Feagin et al.
(2009) demonstrates the importance of testing such ini-
tial forms of evidence gathering with field-based work
where vegetation has been removed prior to an event,
with paired vegetated controls of similar elevation—in
this case, overturning the paradigm that roots directly
prevent wave erosion on the edges of wetlands (rather,
the vegetation indirectly reduces erosion by increasing
the organic matter content and reducing the average
grain size of the soil, yet this accretion-related process
typically takes decades while the direct vegetation effect
is nonresponsive to immediate wave impact).
The paths of research outlined above suffer from the
fact that it can be difficult to constrain confounding
factors. The impacts of these extreme events often de-
pend on topography, near-shore bathymetry, distance
from the shore and other physical factors (Cochard et al.
2008). Additionally, the vulnerability of coastal popula-
tions to episodic events can also be due to inappropriate
coastal development, that is, simply placing more people
in harm’s way (Dahdouh-Guebas et al. 2005a; Dahdouh-
Guebas & Koedam 2006), or socio-economic factors such
as lack of education regarding evacuation, physical expo-
sure due to a substandard built environment, and a lack
of post-event emergency response measures (Osti et al.
2008). Each of these factors must be removed during sta-
tistical analyses before conclusions can be drawn about
the independent effect of vegetation. Although this pro-
cess can be difficult for complex phenomena, it can be
handled with a proper use of multiple regression and
other statistical methods (Kerr & Baird 2007). Finally,
there has been only one study that has addressed the ac-
tual cause of disaster, that is, rising water levels (Krauss
et al. 2009); protection from waves is different from pro-
tection from rising water, and rising water (and associated
debris) is the leading cause of death during these events
(Feagin 2008).
Therefore we must pursue inductive research to ad-
dress these questions, insofar as it is possible. The induc-
tive scientific method demands that we treat the null hy-
pothesis as valid only after failing to reject it—rather than
trying to prove the null hypothesis itself. In the interim, a
‘precautionary principle’ is advised before basing any pol-
icy upon the current body of work, either for or against
bioshields.
Can coastal vegetation alter storm surge
or tsunami water levels?
While there is much general literature on the abil-
ity of vegetation to attenuate short-period waves (e.g.,
Mazda et al. 1997; Mo¨ller et al. 1999; Vo-Luong & Massel
2008), storm surges and tsunami are categorically differ-
ent from waves. These extreme events raise the base wa-
ter level over a much longer period of time than happens
when individual waves pass through vegetation, with a
much greater net force, and a much larger spatial extent
(Figure 1). They behave more like the tide, a long-period
wave rather than a series of wind waves (even large wind
waves tens of meters high and long).
A storm surge consists of a large body of water, typi-
cally 300–700 km across in a tropical system, produced
both by the rising of sea level due to atmospheric low
pressure within the system and by set-up, which is
the tendency for water levels to accumulate downwind
(Figure 2). Surges often penetrate far inland, backfilling
tidal distributaries and raising water levels over several
hours, even in areas where there are no waves present.
For example, most deaths during Hurricane Katrina
in 2005 (the costliest natural disaster in U.S. history)
were caused by rising water levels (not waves) that crept
through a strait, into a lake, and finally spilled into the
city of New Orleans from a direction opposite to that of
the approach of the storm—and this water rise happened
primarily during the day after the storm had passed.
A tsunami is also a long-period wave, but one that
amplifies and shortens as it approaches the coast. The
long-period form of a tsunami is different from the short-
period form of typical waves, even when these short-
period waves are large in height (Yeh et al. 1994). Wave
celerity is high (about 10 to 100 times faster than stan-
dard ocean waves) and the wave quickly floods the coast
over several minutes to hours. The scale at which vegeta-
tion can attenuate waves on the immediate coast (cen-
timeters to tens of meters; seconds) simply does not
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Figure 1 (A) Storm surge destruction as caused by September 2008’s
Hurricane Ike, Bolivar Peninsula, Texas, USA. (B) Tsunami destruction as
caused by the December 2004 Indian Ocean Tsunami, Aceh, Indonesia.
Buoyancy is a surprisingly powerful force as evidenced by the barge. In
both cases, the rising base water level over a relatively long time pe-
riod was the major cause of death and destruction. Images courtesy of
the Texas General Land Ofﬁce and the United States Geological Survey,
respectively.
match the much larger wave form that causes coastal
damage during extreme events (hundreds of kilometers;
minutes to days). Thus, we should not assume that the
science on short-period wave attenuation supports the
conclusion that vegetation can reduce the effects of storm
surges or tsunami.
A case study from India
In India, the concept of bioshields has moved actively to
developing vast plantations of exotic trees (mainly Casua-
rina equisetifolia L.) to act as bioshields, despite a range
of issues including the selective application of science
to support predetermined agendas, violations of indige-
nous land rights, and loss of biodiversity (Shanker et al.
2008). These bioshield plantations are funded and facili-
tated by various nongovernment organizations and inter-
national bodies like the World Bank. For instance, under
the Emergency Tsunami Rehabilitation Project funded
by the World Bank, the Tamil Nadu Forest Department
has initiated large-scale (∼20 km2) planting of Casuar-
ina along the Kariakal and Nagapattinam coast (Mukher-
jee et al. 2009), taking up to 41% of the coastline in
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Figure 2 (A) While vegetation may be able to dampen wind waves that
pass in a period of seconds and have a wavelength measureable in me-
ters, it cannot stop storm surges which are often on the scale of 105–106
m in wavelength, and take several hours to inundate an area. A storm
surge behaves more like tidal forces, able to penetrate diffuse vegetation
and back-ﬁll tidal distributaries. (B) A storm surge is primarily composed
of large-scale wind “set-up” and an increase in water level due to lower
barometric pressure over the storm.Windwaves, evenwhen large, simply
travel on top of this surge.
the area (Rodriguez et al. 2008). Yet, Tamil Nadu For-
est Department records show that the policy of raising
Casuarina plantations has been a consistent practice on
the coast, promoted since the late 1960s, if not earlier.
Thus, while what we are witnessing on the east coast
of India today is a continuation of a several decades-
old trend, the scale of planting exotic trees is likely
greater than at any time in the past and is now facilitated
by the inputs of international funds (Mukherjee et al.
2009).
The socio-economic aspects of exotic bioshields appear
to be drivers of plantation efforts, perhaps more so than
the coastal protection function. While international or-
ganizations have cited scientific evidence in support of
their effectiveness as barriers, they have also been careful
to list other values such as their use as community fuel-
wood. In the eastern state of Andhra Pradesh for instance,
plantations are currently being funded by a World Bank
initiative, the Andhra Pradesh Community Forest Man-
agement project (APCFM 2009). The bioshields here are
nested within the Joint Forest Management or Commu-
nity Forest Management program, which aims to reduce
natural resource dependence on Reserve Forests and im-
prove rural livelihoods. The economic returns from Ca-
suarina plantations are substantial for the local commu-
nities engaged in these activities in Andhra Pradesh (Rs.
25,000/ha = USD $600/ha after 4 years) (APCFM 2009).
This money has been agreed to be shared equally, half by
the community and the other half to raise more planta-
tions. In addition, local communities gain access to fuel
wood and small timber after the fourth year of plantation
(though tree removal would seem to counter the justifi-
cation of the bioshield plantation). For marginalized fish-
erfolk living in remote areas along the coast, this could
provide a vital monetary and material resource to meet
household needs.
However, local coastal communities themselves ap-
pear to have divergent opinions about coastal planta-
tions, and fisherfolk communities in many hamlets have
been known to oppose strongly and even uproot Casuar-
ina saplings from plantations (Rodriguez et al. 2008). The
main causes for this conflict concern indigenous rights to
coastal lands and accessibility for boats to the sea; both
of which can be compromised by plantations. Although
well intentioned, conflicts often arose because participa-
tion of communities was poor in many instances, which
was reflected through inappropriateness of the plantation
locations, inequity in distribution of benefits and poor
management of these plantations themselves (Rodriguez
et al. 2008). The villages and hamlets in this area did not
have mangroves or Casuarina near them in the recent
past. Ironically, in most areas, bioshields have not been
planted in front of the villages and hamlets for protec-
tion from the dominant direction of oceanic energy, but
in areas adjacent to or behind them. Of the 40 villages
surveyed in Kariakal and Nagapattinam district, only one
actually had Casuarina plantations seaward of the village
(Rodriguez et al. 2008). This was a small village with few
active fishermen and boats.
If done effectively, Casuarina plantations can be an im-
portant supplemental livelihood for marginalized coastal
communities, but should be pursued as such. In their cur-
rent form, Casuarina plantations appear to have little sup-
port from communities. Yet, bioshield plantations located
adjacent to or behind coastal communities are often the
primary disaster management strategy along this coast,
possibly giving a misleading feeling of security to policy-
makers. Thus, the opportunity costs of this focus on
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Figure 3 A native sand dune habitat is bulldozed to make way for an exotic Casuarina equisetifolia plantation on the east coast of India.
exotic bioshields in India is that work on devel-
oping disaster preparation efforts and building re-
silience in the wider social-ecological system has been
neglected.
Displacement of native ecosystems
and people
Bioshield plantations have displaced native vegetated
ecosystems in many areas. In some locations, exotic Ca-
suarina plantations have been promoted as a better alter-
native to native vegetation species. For example, in In-
dia Prosopsis spicigera L. was blamed for laceration-caused
deaths during the tsunami due to thorny plant structures
(Kathiresan & Rajendran 2005). Other native species
from this area are typically ignored as alternatives, for
example Hibiscus tiliaceus L., Tamarix troupii Hole, Cleroden-
drum (Clerodendron) inerme (L.) Gaertn. (APCFM 2009).
Unfortunately, most native trees grow slowly in the ab-
sence of regular watering except for Pongamia pinnata (L.)
Pierre and Thespesia populnea L. Sol. ex Correa, but nei-
ther of these provide the fuel wood to supplement liveli-
hoods. The use of exotic rather than native species, for
protection and stabilization, is common practice in many
other coastal areas as well.
In India, sand dunes have been flattened to make
way for these plantations (Figure 3), destroying sea tur-
tle nesting habitat and reducing the natural effectiveness
of coastal dune topography to provide protection from
storms. Further, Casuarina roots have a direct negative
effect on sea turtles in India, as they can prevent females
from digging their nests above the high tide line (Cronk &
Fuller 2001). Casuarina is also known to have a negative
impact upon tropical birds and invade mangrove ecosys-
tems as well (Global Invasive Species Database 2009).
Moreover, plantation projects often demand the dis-
placement of indigenous peoples from the coast (e.g., Sri
Lanka, Ingram et al. 2006; Wong 2009a), allowing their
undocumented land rights to disappear while filling the
coast with new developments (e.g., India, Rodriguez et al.
2008). The construction of such plantations has serious
consequences for indigenous land tenure as central gov-
ernment regulations currently do not recognize various
undocumented customary uses of coastal areas (e.g., In-
dia, Menon & Sridhar 2007).
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Are bioshields:
…effective against 
extreme events?
…needed for other ecosystem 
services (fuel wood, tourism, 
fisheries support, erosion 
protection)? For restoration?
…ecologically suitable? Possible 
without damaging dunes, mangroves, 
or other native ecosystems? 
…not used to justify the absence of: 
emergency preparedness, construction of 
shelters, early warning systems, planning 
initiatives?
…done with involvement of local 
community? Residents not removed, 
access to public resources not cut off, 
without due process of law?
YN
Y
Y
Y
N
N
N
N
Y
No Action
Establish plantation in 
appropriate location
No Action
Implement other 
initiatives, then revisit
…able to be planted elsewhere
(inland) to avoid conflicts?N
No Action
Y
Figure 4 Decision tree for the establishment of bioshields in appropriate locations.
Changing bioshield policies
Though there is considerable emphasis from government
and civil society on the use of scientific evidence in deci-
sion making, it appears that long-standing political agen-
das rather than science have driven bioshield policies
in many developing countries. Extreme events on the
coast are currently being used to justify bioshields, essen-
tially ignoring the fact that vegetation can offer protection
against a wide series of other water-related events such
as excessive river or slope runoff (Bradshaw et al. 2007),
daily tidal and short-period wind-wave erosion. Ironi-
cally, some of the same international institutions that ad-
vocate bioshields (e.g., FAO & CIFOR) have also under-
stated the capacity of forests to reduce rainfall-induced
flood frequency and intensity in inland areas in order
to promote a political agenda of deforestation and forest
harvesting (Alila et al. 2009); this is in stark contrast to
overstating the benefits of coastal vegetation during ex-
treme water surge events–yet in both cases the goal is the
same, to promote a pre-determined policy outcome.
The advocacy of bioshields also devalues the many
other non-“extreme event protection” functions and ser-
vices that native vegetation provides, ignoring the more
difficult work of defending these ecosystems for their
other benefits. For example, mangrove ecosystems are
valuable for ecosystem services (Barbier et al. 2008) such
as fisheries support, water filtration, carbon sequestra-
tion, nutrient cycling, medicinal and food sources, habitat
and cover for a wide range of species, land-building pro-
cesses, tourism support, and aesthetics (Duke et al. 2007).
Yet, there is a risk of losing these ecosystems if we over-
value the protection service (Sanford 2009) at the ex-
pense of the many other ecosystem services. If direct pro-
tection is recognized as the most important service that
an ecosystem can provide, then society may eventually
choose to replace it by armoring of the coast, that is, sea-
walls, bulkheads, levees, etc. (Koch et al. 2009).
To avoid the potentially negative impacts of bioshield
policies and emphasize their positive roles, we propose
the use of a decision tree for policy-makers (Figure 4). At
critical branches within this decision tree, policy-makers
must ascertain that the policies produce realistic and sus-
tainable outcomes. Such decisions will rely upon site
selection, and placing native species in appropriate loca-
tions. For example, we conducted a site-selection analy-
sis for planting mangrove forests in Sri Lanka in response
to the country’s interest in using vegetation for poten-
tial protection (see Supporting Information material on-
line for detailed Methods and Results). We found that
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Figure 5 Potential for mangrove or non-mangrove growth along protected and vulnerable areas of the Sri Lankan coastline. The map of Sri Lanka, with
major climatic zones according to Pemadasa (1996), shows categorizations of coastline per district. Out of the 90% of the coastline classiﬁed as vulnerable,
less than one-third can contain mangrove forests.
two-thirds of the vulnerable coastline did not have the
appropriate environmental settings for mangrove forests
to develop (Figure 5). Their introduction in the wrong
settings would have replaced other native ecosystems,
particularly sand dunes; although for previously degraded
mangrove sites, we strongly advocated their restoration
provided that the physico-chemical conditions were suit-
able. Planting any trees for stabilization in sand dune ar-
eas would have been short-sighted since sand dune plants
are adapted to survival in dynamic sediment movement
conditions and would re-build the landscape after such
an extreme event (as is happening after the 2004 In-
dian Ocean tsunami, as Wong 2009b points out). Casua-
rina or mangrove trees do not promote dune accretion
processes, and in the long term, ecosystem sustainabil-
ity would be lost. For Sri Lanka, planting or restoring
mangrove trees would be most suitable, and most likely
to succeed, in the areas we outline in Figure 5. In such
areas mangoves can, over the long-term, alter topogra-
phy and bathymetry through processes of sediment ac-
cretion, reducing the vulnerability of the landscape to
future inundation. Additionally, site-selection analysis
can be done in partnership with an assessment of
cryptic ecological degradation, where a ‘native’ species
expands beyond its traditional niche due to anthro-
pogenic impacts, thereby reducing long-term ecologi-
cal sustainability (e.g., humans disturb Rhizophora spp.
mangrove habitat in Sri Lanka, then allow Acrostichum
aureum L. to predominate during regeneration pro-
cess, leading to the impoverishment of overall forest
biodiversity, as Dahdouh-Guebas et al. 2005b points
out).
We propose that a similar site selection procedure oc-
cur globally for potential bioshield projects, in order to
minimize exotic introduction into improper locations and
maximize the restoration opportunities. A related goal
could be to calculate the extent of coastal lands currently
‘stabilized’ by exotic species and bioshield plantations,
globally.
Ways forward
The best ways to reduce the impact of extreme
episodic events are: (1) to reduce physical exposure by
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promoting sensible coastal development; (2) to develop
adequate disaster preparation; and (3) to enhance the ca-
pacity of social-ecological systems to cope with and adapt
to surprise. Poorly planned development can increase
the exposure of coastal communities to extreme events,
particularly where such development is encouraged or
unregulated. For example, the U.S. government’s Na-
tional Flood Insurance Program encourages construction
in low-lying areas by providing insurance below the mar-
ket rate, while local governments encourage these devel-
opments to expand their tax-base (Bagstad et al. 2007).
In areas such as India, increasing population pressure is
driving development onto marginal lands and this repre-
sents the greatest source of conflating risk (UNDP 2004).
A responsible strategy for reducing future impacts must
ultimately address this primary cause.
Natural disaster management must include the de-
velopment of early-warning systems, community educa-
tional initiatives on disaster preparedness, and evacuation
plans at all governmental levels; these have been credited
for saving millions of lives in Bangladesh since these sys-
tems were put in place with the help of the United Na-
tions in the early 1980s. Comparing the effects of 2008s
Cyclone Nargis with previous cyclones in the Bay of Ben-
gal is informative, as another Category Four cyclone,
Cyclone Sidr, struck Bangladesh in November 2007, yet
resulted in less than 3,500 deaths (as also compared with
Bhola in 1970 with over 300,000 deaths). The differ-
ence in death toll between Nargis, Bhola, and Sidr was
likely the result of a much higher level of preparedness
(Rodriguez et al. 2009). Contingency plans for tropical
storms in Bangladesh include elevated shelters close to
population centers, which provide a quick and effective
means of vertical evacuation, the only effective way to
escape a storm surge or tsunami (Sieh 2006). Indeed, 2–4
m in many storm events can be the difference between
life and death. Likewise, in the case of the Indian Ocean
tsunami, the construction of an early-warning system for
the Indian Ocean is certainly the best use of limited re-
sources for reducing the human toll of the next tsunami,
as long as the warning is timely (Kerr et al. 2006). The
benefits from plantations of exotic trees as bioshields will
be lower when compared to the results gained when sim-
ilar energy and expenditure is directed to increasing pre-
paredness. A recent empirical analysis of the effects of
an early warning given to the populace in India during
the Orissa Super Cyclone in 1999 suggested the warning
saved as many as 5 lives per village, compared with 1.72
lives given full vegetative cover (Das & Vincent 2009).
Coastal vegetation such as mangrove ecosystems is
critical to the resilience and vitality of many coastal
social-ecological systems and we believe that their con-
servation is necessary. In the long-term, the goods and
services (e.g., carbon storage, increased fisheries produc-
tion, or water purification) provided by mangrove forests
are likely to be more valuable than gains from unsustain-
able agriculture or aquaculture (Huitric et al. 2002), even
without the protection service values included. Indeed,
conservation organizations can play a role in enhancing
the resilience of coastal social-ecological systems. How-
ever, conventional efforts to conserve and restore coastal
vegetation will be a limited component of building re-
silience in the wider social-ecological system. Consider-
able efforts will also need to be directed at building adap-
tive capacity in coastal communities—an element in how
these communities may cope with and respond to natural
disasters (Adger et al. 2005). Enhancing adaptive capacity
might include the development of robust governance in-
stitutions, maintenance of local knowledge about disaster
preparedness, increasing livelihood options, and mean-
ingful investments in poverty reduction (Brooks et al.
2005; McClanahan et al. 2008).
Even the strongest supporters of natural barriers rec-
ognize the limits of bioshields against extreme coastal
events (FAO 2006). The values of coastal ecological sys-
tems are best realized over the long-term and we must
find better ways to communicate the value of conserv-
ing these ecosystems. Additionally, we should acknowl-
edge that natural forces are only part of the problem. Poor
policy and planning is turning these natural hazards into
disasters.
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SUPPORTING INFORMATION 
FIGURE 5 METHODS & RESULTS 
 
This supplementary section describes the method and overall result of Figure 5. 
 
METHODS 
Base maps and satellite data 
GIS layers (digitised from Sri Lanka 1:50,000 scale toposheets) for hydrological and road 
networks, as well as administrative divisions, were obtained from the International Water 
Management Institute (IWMI, Colombo) and the Survey Department of Sri Lanka (Colombo). 
Where needed during the analysis, as for example near river mouths and lagoons, further 
toposheet information was either digitised or used as geocorrected scanned images below 
other GIS layers.  
As explained below, the 10 m contour line is a reference level used in the present analysis. 
Unfortunately, contour lines lower than 20 m are not shown on Sri Lanka 1:50,000 scale 
toposheets, while the most detailed 1:10,000 scale maps, for which the 10 m contour line is 
present, cover only a limited part of the country. The best alternative, readily available source 
of data to approach the 10 m contour line was found to be the SRTM – DEM (Shuttle Radar 
Topographic Mission – Digital Elevation Model) distributed by USGS (United States 
Geological Survey). The SRTM 3 second arc Digital Elevation Data used in the study was 
made available by the ‘Consultative Group for International Agricultural Research’ (CGIAR – 
Consortium for Spatial Information) after processing to fill the ‘no-data’ voids present in the 
USGS dataset. The SRTM elevation data of Sri Lanka was used to generate 10 m interval 
contour lines of the coastal areas. The generated 20 m and 40 m contour lines were checked 
against the contour lines given in 1:50,000 scale toposheets in order to correct for possible 
horizontal or vertical shifts in the SRTM data, and hence to minimise the effect of the 
reported relative vertical accuracy of ± 6 m of the data (Rabus et al. 2003). Missing data were 
completed and inaccurate data corrected. 
 
Vulnerable areas along the coast 
Vulnerability of the coastal land area to wave-related hazards depends in part on the elevation 
of the coastal land from the mean sea. Considering that the run up height of the 2004 tsunami 
event at the shore was reported to be about 10 m (Liu et al. 2005), the coastal land area lying 
under the 10 m contour line was considered as the most vulnerable area for a tsunami and 
hereafter referred to as ‘vulnerable area’. Vulnerable area of the country was extracted from 
the GIS layer of contour lines with 10 m intervals, which was generated using SRTM - DEM 
data. However, before this extraction, evident errors due to the presence of buildings and 
some ‘temporary elevations’ along the coastline were corrected manually.   
Except at places with coastal cliffs rising more than 10 m directly from the sea level, 
the polygon of vulnerable area overlaps with the polygon delineating the coastline of the 
country. The total length of all these overlapping parts of the coastline is hereafter referred as 
‘vulnerable coastline’ of the country. The rest of the coastline is considered as the 
‘geographically protected coastline’. 
 
Mangrove areas along the coastline 
In general, intertidal areas of lagoons, river mouths and sheltered bays in coastal areas of 
tropical countries are ideal habitats for mangroves when the substrate is muddy or sandy. 
There are historic archives reporting that, such areas in Sri Lanka were covered by extensive 
mangrove forests in the past (Tennent 1859). However, until today the accurate extent and 
composition of mangroves for the entire country is not known.  Analysing this would 
necessitate country-wide very high resolution remote sensing data, which is currently not 
available and constitutes an unrealistic cost. Instead, the areas considered in this study are 
based on reliable physical site conditions that form potential mangrove areas, many of 
which are known to have today or to have had mangroves in the past.  However, judged from 
the coast geomorphology and hydrogeography, it should be highlighted that, should 
mangroves be absent today, restoration of mangroves in these areas is possible and is even 
advised.  Identification of potential mangrove areas was done by overlaying the hydrological 
network of coastal areas (from 1:50000 toposheets) with a layer of contour lines of the ground 
in a GIS-environment. Where a water body with an inflow of sea water (overland or through 
seepage), was located within the first 500 m zone and below the 10 m contour line, its margin 
or intertidal area was considered as a potential mangrove habitat. A coastline segment having 
a potential mangrove habitat behind it, is considered part of the ‘mangrove coastline’ of the 
country. In figure 5, ‘mangrove coastline’ refers to the total length of such segments for the 
whole country, or in a particular administrative division. Hence, the rest of the coastline is 
referred to as ‘non-mangrove coastline’.  The area within the first 1 km belt of the mangrove 
coastline is considered the area potentially protected by mangroves. The total of all such areas 
for the whole country or in an administrative division is referred in this paper as the 
‘mangrove-protected area’. 
RESULTS 
 
Table S1 shows that approximately 90% of the Sri Lankan coastline is vulnerable, but that less than a third of this vulnerable coastline can be 
protected by mangrove vegetation.  The breakdown of the categories in Table S1 per coastal district is given in Figure 5 of the main article. 
 
Table S1. Total coastline of Sri Lanka and its breakdown into different categories. 
 
 Coastline with potential for  
mangrove vegetation 
(km) 
Coastline with potential for 
non-mangrove vegetation  
(km) 
Total 
 
(km) 
Vulnerable coastline (km) 523 1057 1580 
Geographically protected 
coastline (km) 
15 143 158 
Total (km) 538 1200 1738 
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